The combined use of supercapacitors and power batteries as energy sources in electric vehicle energy storage devices is expected to reduce the peak current, thereby extending the cycle life of the power battery. In view of electric vehicles with hybrid energy storage system(HESS) composed of supercapacitor(SC) and power battery, an adaptive on-line energy management strategy based on Pontryagin's Minimum Principle(PMP) is proposed. The state of energy of the supercapacitor is used as the state variable and the Hamilton function is established based on PMP, then the covariate variable is adjusted online to optimize the effectiveness of energy management. The simulation verification has been carried out on different driving schedules. The results show that the proposed adaptive on-line PMP-control strategy can reduce the peak power and energy loss of the battery, to ensure safe and efficient operation of the electric vehicles.
Introduction
The development of electric vehicles is of great significance to alleviate the environmental pollution and energy shortage, and has gradually become a new development direction of the automobile industry. Power battery is an important energy storage device of electric vehicle. Its power density, energy density and cycle life directly affect the performance of electric vehicle [1] . Lithium-ion batteries have become the first choice for electric vehicles because of their high energy density, long life, low self-discharge rate and other advantages. However, the electrochemical reaction rate and polarization phenomenon of lithium-ion batteries limit the power of charge and discharge, vehicle acceleration, climbing and energy recovery efficiency. High rate charge/discharge has a serious impact on battery life and even affects the safe operation of vehicles [2] [3] .
Supercapacitors have outstanding advantages such as high power density, long cycle life and wide operating temperature range [4] [5] , which can well compensate the defects of the power battery. On the other hand, supercapacitors has a much lower energy density. So adding high-power supercapacitors to the energy storage system of electric vehicles to form a hybrid energy storage system and designing an efficient energy management strategy is an effective way to improve the performance of electric vehicles.
At present, the energy management strategies of electric vehicles are mainly divided into two categories: rule-based and optimization-based management strategies [6] . The rule-based management strategies [7] are simple and easy to implement, which are the most widely used including fuzzy logic control strategy and strategies combined with other algorithms, such as particle swarm optimization [8] , genetic algorithm. [9] , and neural network. The inadequacy of the rule-based control strategy is that it relies too much on manual experience and optimal control is difficult to be achieved [10] . The optimization-based control strategy [11] includes global optimization strategies and instantaneous optimization strategies. Energy management strategy based on dynamic programming is a typical global optimization method from which optimal power distribution can be achieved. However, the global optimization strategy needs all the prior driving-cycle information, and the calculation amount is large, which is usually offline optimization. So it is difficult to achieve global optimality in practical applications. Another optimization strategy is the instantaneous optimization algorithm, which can implement real-time optimal control according to vehicle transient power requirements and obtain relatively optimized control results [12] . Kim N and Onori S applied the Pontryagin's Minimum Principle to the energy management of hybrid vehicles [13] , and obtained the global optimal solution under certain assumptions. Compared to dynamic programming algorithm, the PMP Paper ID: ICEEE2018-xxx 2 Copyright © by ICEEE method greatly reduces the computational burden and can approximate the fuel economy of global optimal control [14] .
The hybrid energy storage system of electric vehicle consists of power battery and supercapacitor. For the energy management of HESS electric vehicles, this paper proposes an adaptive energy management strategy based on the Pontryagin's minimum principle (PMP). Using the state of energy(SOE) of the supercapacitor as a state variable, the Hamilton function has been established to achieve online optimization to reduce the energy loss and peak power of battery simultaneously. Approximate global optimal solution can be achieved without driving pattern recognition. In the meanwhile, small calculation amount and flexible control can be expected. The simulation verification has been carried out on different driving schedules.
Hybrid power system modeling 2.1 Battery
In this paper, the equivalent circuit model is used to describe the dynamic characteristics of the lithium battery. In order to balance the accuracy and complexity of the model, the second-order RC equivalent circuit model is selected, which is shown in Figure 1 .
The circuit model of the battery
The relationship between the lithium battery terminal voltage Ub and the current i satisfies the equation (1) at any kth moment: , ,
Where R is the ohmic resistance of the battery, and the parallel configuration of R1-C1 and R2-C2 describes the polarization of the battery. U1 and U2 respectively represent the voltages of the RC networks of R1-C1 and R2-C2. This paper does not consider the inconsistency between the cells in the battery pack, and the battery model is established based on the monomer model parameters and the series-parallel characteristics of the battery pack.
Supercapacitor
The supercapacitor is a double-layer capacitor composed of an electrode, an electrolyte, a current collector and a diaphragm. Its electrical characteristics are stable and the operating temperature range is wide. When the supercapacitor is working, there is no complicated chemical reaction inside, and high-rate charge and discharge can be realized. Figure 2 shows the RC equivalent model of the supercapacitor. (2) Where Rs represents the resistance between the supercapacitor plate and the electrolyte.
Rs
For the equivalent capacitance C:
Leakage current iL is expressed as:
Equation (5) can be obtained by replaced (4) into (2):
Where RL reflects the power loss due to leakage current.
Hybrid energy storage system
The topologies of HESS have been studied over the past few years. In this paper, the hybrid energy storage system is established by parallel connecting the supercapacitor and power battery respectively. A DC/DC converter is connected in series with the supercapacitor to prevent the fluctuation of power bus voltage because the supercapacitor voltage characteristics are soft, and then the voltage balance between the supercapacitor and the lithium battery can be obtained. The voltage of the UC can vary in a wide range so that the capacitor is fully used. Figure 3 shows the structure of the hybrid energy storage system. 
The Power loss of battery
Lithium battery is the main energy source of electric vehicles. Its power loss dissipates mostly in the form of heat, which not only causes the battery temperature rising, but also deteriorating the state of health(SOH) of the battery. and its energy utilization directly affects the performance of the whole vehicle. Excessive energy loss will also shorten the driving range of electric vehicles.
In this paper, a set of experimental tests were conducted to characterize a 32Ah LiFePO4 battery pack with different discharge rate. Figure 4 shows the correspondence between battery discharge power and power losses. According to the trend of the curve, it is approximated to the quadratic relationship:
Where fbat is battery power loss, and Pbat is battery discharge power.
Figure4
The relationship between the discharge power and the power loss of battery
Optimal control Problem formulation
The problem we consider in this paper is the energy management of electric vehicles with hybrid energy storage system including a battery and a supercapacitor. We focus on minimizing the battery losses and reducing current stress in order to enlong the battery life. In this paper, the minimum energy loss of the lithium battery is set as the cost function as shown in equation (7):
Where, the control variable u(t) is the output power Pbat of the battery and [t0, tf] is the optimization horizon. As an important auxiliary energy source in HESS, supercapacitor plays an important role in reducing the battery current stress. The state of charge (SOC) and state of energy (SOE) are two important parameters to indicate the status of the SC. In order to keep the SC operating efficiently, it is necessary to keep the SOC of the SC in an appropriate range. The SOCuc of SC is expressed as [15] :
Where Ub/Umax are the terminal voltage/ rated voltage of the supercapacitor. In this paper, the SOCuc of the supercapacitor is set at about 0.6. The SOEuc of SC is expressed as:
The relationship between SOCuc and SOEuc can be obtained from (8) 
The derivation of SOCuc can be derived from equation (8): 
Then we can get: 
The SOEuc reflects the remaining energy of the supercapacitor more accurately and is more closely related to the driving range of the electric vehicle, so it is used as the state variable of the system.
In order to ensure the safe operation of lithium batteries and super capacitors, the output power must meet the following constraints respectively. 
Where, Pbat.min and Pbat.max are the maximum charge and discharge power of the on-board lithium battery, and Puc.min and Puc.max are the maximum charge and discharge power of the super capacitor, respectively.
Control Strategy based-on Pontryagin's Minimum Principle
The energy management of electric vehicles is a typical optimal control problem for time-varying nonlinear systems with constrained variables. PMP is an optimal theory that can be employed to find the best 
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Copyright © by ICEEE solution for a dynamic control system, especially when the system is constrained by states or inputs. In this paper, the output power of the lithium battery is used as the control variable u(t), and the SOEuc of the supercapacitor is used as the state variable to establish the Hamilton function as in equation (14):
The state equation and the adjoint equation are equations (15) and (16) Figure 5 is the control diagram based on PMP in this paper. In the actual control process, the value of λ affects the control effect, and online optimal control under dynamic road condition cannot be achieved with the fixed λ value . In this paper, the deviation amount of supercapacitor SOCuc is used as the input of PI regulator. The λ(t) will be regulated with the change of the deviation of SOCuc and dynamically adjusted to optimize the power distribution results between battery and SC. 
Figure5
Structure of controlling based on PMP
Simulation Results and Analysis
In this work, PMP control strategy is used to optimize power distribution, and reduce lithium battery peak current for a electric vehicle with hybrid battery/capacitor energy storage. For the convenience of comparison, a common fuzzy control strategy for hybrid energy storage and the battery electric vehicle are also used as references.
To verify the effects of the above energy management strategies, the Urban Dynamometer Driving Schedule(UDDS) and Extra Urban Driving Cycle (EUDC) are selected as the driving cycles in simulation. Table 1 shows the power consumption of electric vehicles on the UDDS and EUDC driving schedules. According to the simulation data, compared with the single-supply electric vehicle, the power consumption per 100 km of the PMP control strategy is reduced by 17% and 11.7%, respectively. In the hybrid power electric vehicle under the fuzzy control strategy, the PMP control strategy can effectively reduce the power consumption of 100 kilometers and improve the energy utilization rate. Figure 7 shows the current curves of the battery over UDDS and EUDC. We can see that the peak current of the PMP control strategy is reduced by 32.42% compared to the fuzzy control on the UDDS driving schedules. Compared with the single-supply electric Copyright © by ICEEE vehicle, the peak current of the battery is reduced by 35.35%. Under the EUDC condition, the peak current of the PMP control strategy is reduced by 4.5% compared to the fuzzy control, and reduced by 25% compared to the battery electric vehicle. It is clear that the proposed adaptive PMP control strategy can dramatically reduce the battery peak current , which will effectively extend the battery life. Figure 8 shows the SOCbat of the lithium battery under UDDS and UDDS driving schedules. Compared with the other two schemes, we can see the battery SOCbat platform has been arisen with proposed PMP method. The supercapacitor should maintain a certain amount of energy storage to keep the ability of charging and discharge for transient peak current. According to the relationship between SOEuc and SOCuc, the supercapacitor SOC is set to be around 0.6. Fig. 9 shows the SOC of the supercapacitor over UDDS and EUDC driving cycles with the proposed PMP control strategy. The initial value of supercapacitor SOC is set to 0.8, 0.6, 0.4, respectively. The supercapacitor SOC quickly converges to about 0.6 in 100S. The supercapacitor SOC is 0.5995 at the end of UDDS, and approximately 0.6967 at the end of EUDC, which are both in a reasonable region. It can be seen that when the initial SOC of the supercapacitor is different, the proposed energy management strategy can still ensure that the SOC of the supercapacitor converges to about 0.6, indicating that the PMP optimization control has adaptability to the initial values of different SOCs of the supercapacitor. 
Conclusion
In this paper, the vehicle model of the composite power electric vehicle is established, and the characteristics and influence of the power loss of the lithium battery are analyzed. In order to reduce the power loss of the lithium battery and give full play to the peak power compensation effect of the "capacitor peakfilling" of the supercapacitor, full consideration is given. State variables such as supercapacitor SOE propose an energy management strategy based on Pontiac's theory to optimize the working condition of the power battery. The simulation results show that the PMP-based energy management strategy can further optimize the working state of the lithium battery. Compared with the fuzzy rule control, the peak operating current of the lithium battery is reduced more effectively, and the irreversible damage caused by the instantaneous large current to the lithium battery is reduced. Effective control of temperature rise greatly guarantees the energy utilization of lithium batteries and the safe operation of the entire vehicle.
